INTRODUCTION
The acute effects of ionizing radiation on humans, leading to death within a few days to a few weeks after irradiation, are usually thought of in terms of three to four principal syndromes that are dependent upon the dose received and the organ systems involved: (1) cerebrovascular syndrome, after .10 Gy total-body irradiation (TBI); (2) gastrointestinal syndrome, after 8-10 Gy TBI; (3) hematopoietic syndrome, after 5.5-7.5 Gy TBI; and (4) cutaneous syndrome after external exposure to b-particle emitters. However, other organs are also sensitive, including kidney, liver and lung. In situations where there has been an airborne release of nuclear material, lung injury can contribute significantly to mortality (1) (2) (3) . Such studies of radiation-induced lung injury have often focused on end points days to weeks after irradiation (4) (5) (6) (7) (8) , but there is a paucity of information concerning the early mechanistic processes that lead to radiation-induced lung injury.
Even lethal doses of ionizing radiation may generate relatively small bursts of free radicals in tissue, but the initial insult appears to become amplified in mammalian cells over time. That is, the net flux of damaging oxidants and free radicals produced by cell signaling processes associated with the radiobiological response can be greater than that experienced during the irradiation (9) (10) (11) (12) . Much effort has been directed toward investigation of cell lines that undergo radiation-induced apoptosis in the case of both directly irradiated cells and those exhibiting a bystander response. The overexpression of manganese superoxide dismutase (MnSOD) has been shown to be radioprotective in cells and in vivo, establishing the involvement of mitochondrially generated superoxide in radiation-induced apoptosis (13) (14) (15) . The possible role of nitric oxide, superoxide and their derivatives in other mechanisms of radiation-induced cell death is an important issue. However, the significant fluxes of free radicals associated with apoptosis in many cell lines represent a serious confounding interference in such studies.
Here we show that bovine pulmonary artery endothelial cells (BPAEC) undergo cell growth arrest mediated by the up-regulation of p53 and p21 after irradiation at intermediate doses (0.5-10 Gy) while exhibiting negligible apoptosis. The apparent lack of any role for oxygen-derived species in this radiobiological response at systemic oxygen levels is described.
MATERIALS AND METHODS

Cells and Cell Culture
Bovine pulmonary artery endothelial cells (BPAEC) were purchased from Lonza and used at passages 4-8. Cells were grown in Opti-Mem medium supplemented with 10% fetal bovine serum, 5 mM glutamate, 100 U/ml penicillin and 100 mg/ml streptomycin under 5% CO 2 and oxygen levels of 3%, 12% or 20% (95% air). Cells were grown under defined conditions (e.g. 20%, 12% or 3% oxygen) for at least 48 h prior to experiments. During irradiation, cells grown under non-atmospheric oxygen levels were placed in gas-impermeable containers; otherwise, the cells were minimally handled (,10 min) under normally oxygenated conditions. Unless stated to the contrary, culture medium was purchased from Invitrogen, and all reagents, ACS grade or better, were obtained from Sigma-Aldrich.
Overexpression of MnSOD, CuZnSOD and iNOS
MnSOD plasmids containing a 22-amino acid mitochondrial targeting sequence and CuZnSOD plasmids were a kind gift from Michael W. Epperly (16) . Plasmids containing iNOS were prepared as follows. Briefly, a 3.7 kb XbaI/AflII human hepatocyte iNOS restriction fragment from pBSskhiNOS (obtained from Dr. Tim Billiar, UPMC, Pittsburgh, PA) was cloned into pCA14 adenoviral vector from Microbix System (Toronto, Canada). Two days after transfection, supernatants of BPAEC transfected with 1.3 mg (per 10,000 cells) pCA14hiNOS yielded an increase of 43 ± 3 mM in NO 2 2 (by Greiss) over control. Cells were transfected with empty vector, iNOS, CuZnSOD or MnSOD plasmids using LipofectaminePLUS (Invitrogen) according to the manufacturer's instructions. Cells were used for clonogenic survival and other assays 24 to 48 h after transfections. Up-regulation of MnSOD and CuZnSOD was confirmed by Western blotting and activity assays (see below).
Assays
Cell growth was determined by seeding known numbers of cells, administering experimental treatments at the times given in the figure legends, then recounting. Viability was determined by detaching the plated cells using trypsin, diluting 1:1 with 0.4% trypan blue, and then counting the stained and total cells in a hemocytometer (17) . Only live cells (unstained) were included for cell growth determinations, but at no time were there more than 3% trypan blue-positive cells. Mitochondrial membrane polarization (Dy) was determined by measuring JC-1 (Invitrogen) fluorescence changes (excitation 485 nm, emission 535 and 590 nm) using CCCP (carbonyl cyanide m-chlorophenylhydrazone) to establish complete depolarization (Invitrogen). Cells (1 3 10 6 ) were incubated with 2 mM JC-1 at 37uC for 10 min, washed with PBS, then resuspended in 2 ml PBS for fluorescence measurements (18) . Caspase 3/7 activities were determined using a kit from Invitrogen (EnzChek), and results were normalized to protein concentrations measured by the BCA assay (Pierce). Annexin V assays were performed using a kit from Enzo Life Sciences according to the manufacturer's instructions. Cells were incubated in the binding buffer supplied along with annexin V cy3-labeled antibody (excitation 543 nm, emission 570 nm). Cells undergoing apoptosis emitted a red fluorescence and were subsequently counted along with the total number of cells. Calcium fluxes were detected using the calcium-specific indicator Rhod-2 AM (Invitrogen, excitation 552 nm, emission 581 nm) according to the manufacturer's recommendations. Cells were incubated with hexagon-shaped beads (Nunc, 2D MicroHex TM ) to which they became attached after several hours. The cells were then allowed to grow on beads for 2 days prior to loading with the calcium fluorescent dye. After loading, the beads were placed in a stirred cell holder/ thermostat and allowed to equilibrate at 37uC for 60 s before fluorescence data were collected by taking measurements every 0.1 s.
Dihydrohodamine 123 (Invitrogen) was used to detect mitochondrial oxidant production and/or membrane depolarization. The dye was incubated with irradiated or control cells at a concentration of 10 mM for 1 h at 37uC prior to fluorescence detection (excitation 500 nm, emission 535 nm). DAF-2 FM diacetate (4,5-diaminofluorescein diacetate) employed for NO detection was added to cells 30 min prior to irradiation and cells were harvested immediately for fluorescence measurements (excitation 485 nm, emission 538 nm). To assess metabolic activity, alamarBlue (10% solution) was added to plated BPAEC, and the cells were incubated at 37uC for 2 h and then assayed by measuring changes in the fluorescence intensity (excitation 535 nm, emission 590 nm). BPAEC were fixed and stained for senescenceactivated b-galactosidase (SA-b-gal) activity as described previously (19) . Briefly, cells were fixed for 10 min in 2% formaldehyde, 0.2% glutaraldehyde in PBS and incubated overnight in b-gal staining solution (1 mg/ml 5-bromo-4-chloro-3-indolyl-b-D-galactopyranose, 5 mM potassium ferrocyanide, 5 mM ferricyanide and 2 mM MgCl 2 , pH 6.0) at 37uC without CO 2 . The cells were counterstained with 0.2 mg/ml DAPI (496-diaminophenylindole) in 10 mM NaCl to count the total number of cells. The assays for MnSOD and CuZnSOD were performed with or without sodium cyanide, which inhibits CuZnSOD but not MnSOD, on lysed cells and mitochondrial extracts using a kit from Cayman Chemical Co. as described previously (18) .
Western Blotting
Cell lysates were normalized to protein prior to Western blotting and/or probing for b-actin according to published methods (20) . Mitochondria from cell lysates were isolated by differential centrifugation (21) . Cell lysates or isolated mitochondria were mixed with Laemmli sample buffer (1:1) and boiled for 5 min. Ten micrograms of each sample was subjected to 4-20% SDS-polyacrylamide gel electrophoresis, transferred onto nitrocellulose membranes, and blocked with 3% nonfat milk. Blots were incubated with primary antibodies (1: 2,000) for at least 2 h prior to rinsing and then incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (1:10,000) for 1 h at room temperature. MnSOD, CuZnSOD, p53, p16, p21 and HRP-conjugated antibodies were purchased from Santa Cruz Biotechnology and detected using chemiluminescence according to the manufacturer's instructions (Western Lighting, Perkin Elmer).
Radiation Survival Curves
BPAEC were irradiated at ,80% confluence with 0-5 Gy. Cells were then diluted and placed in six-well plates. Cells were cultured, fixed (glutaraldehyde) and stained with crystal violet 7 days later. Colonies of more than 50 cells were counted, and all experiments were performed at least in triplicate. The survival curves were normalized to the starting number of cells adjusted by the plating efficiency (SF 5 colonies/[cells seeded 3 %PE]) for each condition. Data points were fitted to curves using the single-hit, multitarget and linear-quadratic models as described previously (18) .
Instrumentation
Irradiation of cells was carried out using a Precision X-ray Inc. X-RAD 160 X-ray system. Doses of 0.5 to 10 Gy were administered at a dose rate of 4.4 Gy/min. Fluorescence measurements were carried out using either a Shimadzu RF-5301PC spectrofluorophotometer or a BMG Labtechnology Fluostar Galaxy plate reader.
Statistics
Values are means ± standard errors from at least three independent experiments. Statistical analysis of the data was performed using ANOVA with Tukey's post hoc test for comparison of two groups and ANOVA with a Dunnett post hoc test for multiple comparisons.
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STITT-FISCHER ET AL. P , 0.05 was considered significant. Statistical analyses were performed with KaleidagraphH (Synergy Software).
RESULTS
Radiation-Independent Cytotoxicity of Oxygen in BPAEC
BPAEC have previously been shown to be extremely sensitive to oxidative stress, and these cells grow slowly in 20% oxygen (essentially hyperoxic) compared to cells grown in 3% oxygen (approximating the systemic levels in vivo). Overexpession of MnSOD (mitochondrial) or CuZnSOD (cytosolic) by transient transfections clearly protects BPAEC against oxidative stress according to various indicators (Fig. 1) . The results of cell growth experiments showed that cells transfected with either MnSOD or CuZnSOD and grown in 20% oxygen maintained cell numbers and metabolic rates similar to those of untransfected cells grown in 3% oxygen ( Fig. 1A and B ). In addition, cells transfected with MnSOD or CuZnSOD and cultured in 20% oxygen had mitochondria that were more highly polarized (greater Dy) compared to control BPAEC in 20% oxygen (Fig. 1C) . Thus the unirradiated cells are clearly oxygen-sensitive in a manner suggesting that the toxicity is mediated by superoxide.
Overexpression of SOD Activity
BPAEC transfected with MnSOD plasmid showed up-regulation by Western blot analysis ( Fig. 2A ) and exhibited MnSOD activity levels up to fivefold greater than controls by enzyme assays (Fig. 2B ). In addition, the MnSOD activity in transfected cells was found to be localized to the mitochondria (Fig. 2C) . In separate experiments, CuZnSOD was up-regulated in BPAEC by transfection as shown by Western blot analysis ( Fig. 2D ) and activity assays (Fig. 2E) , with the latter indicating a twofold increase in CuZnSOD activity that was essentially confined to the cytosol (data not shown). The level of SOD activity (either MnSOD or CuZnSOD) was not measurably changed upon incubation in 3% oxygen as opposed to 20% oxygen (Fig. 2F) , indicating that SOD activity in BPAEC apparently is not subject to oxygen-dependent regulation in this range. 4 cells per well, grown for 24 h, and then assayed for metabolic activity using 10% alamarBlue. Values were normalized (arbitrarily set at 100%) to the 3% oxygen condition. Panel C: BPAEC were seeded at 5 3 10 4 cells per well, grown for 24 h, and then assayed for mitochondrial function using JC-1. *Significant difference at P , 0.05 compared to the 20% oxygen group using ANOVA with Dunnett's post hoc test. Results are expressed as means ± SE from three to six experiments.
MnSOD IS NOT RADIOPROTECTIVE IN BPAEC
Lack of Radioprotection by MnSOD at Systemic Oxygen Levels
Overexpression of MnSOD (but not CuZnSOD) in several cell lines exhibiting significant apoptosis has previously been shown to be radioprotective, indicating superoxide production in the mitochondria as an integral radiation response (16, 22) . The radiation response for BPAEC transfected with MnSOD was compared to controls in the presence of 20% or 3% oxygen. BPAEC grown in 20% oxygen did not form well-defined colonies compared to those grown at 3% oxygen, but transfection with MnSOD (or CuZnSOD) increased colony formation (data not shown). The plating efficiency under three different oxygen concentrations (20, 12 and 3%) is shown in Fig. 3A . The change in the plating efficiency of BPAEC reflected the oxygen toxicity (Fig. 1) . A marked improvement in clonogenic survivability was observed ( Fig. 3B and Table 1 ) when cells were grown, irradiated and maintained in 3% oxygen compared to those handled throughout under 20% oxygen. The survival curves for BPAEC cultured in 20% oxygen and transfected with MnSOD prior to irradiation were very similar to those for the untransfected cells handled in 3% oxygen. Cells cultured in 3% oxygen and transfected with MnSOD prior to irradiation did not appreciably increase their survival over that of untransfected cells grown in 3% oxygen. None of the observed protective effects appeared to be due to any general stimulation of the pathways involved in the transfection of cells, because iNOS overexpression had no effect on the survival curve obtained under 20% oxygen.
Using a trypan blue exclusion assay to monitor cell death, at 20% oxygen and over 24-48 h, BPAEC growth was slowed in irradiated cells compared to unirradiated controls (Fig. 4) . When unirradiated cells had previously been transfected with MnSOD (Fig. 4A) or CuZnSOD (Fig. 4B) , there was a significant increase in the number of viable cells at 24 or 48 compared to untransfected controls. At 24 h after irradiation, growth of both transfected (MnSOD or CuZnSOD) and untransfected cells was similarly inhibited. However, at 48 h, there was a small but significant increase in the growth of the cells in which SOD activity had been overexpressed compared to untransfected cells. 
BPAEC do not Undergo Significant Apoptosis in Response to Radiation
Apoptosis is difficult to induce by some commonly employed experimental stimuli in BPAEC (23, 24) . Irradiation of BPAEC did not increase caspase activity or annexin V binding ( Fig. 5A and B) , and while we observed distinct changes in cell morphology at 24 h (not shown), none were consistent with apoptosis. In contrast, using staurosporine as a positive control to initiate apoptosis, a readily detectable increase in caspase activity and annexin V binding was obtained ( Fig. 5A and B) . In addition, while there was an immediate change in metabolic activity, as observed by (Fig. 5C) , this was reversed after 24 h. We also examined whether the inhibition of growth of BPAEC was due to senescence by determining senescence-activated b-galactosidase activity (SA-bGal). However, SA-b-Gal activity staining of normal compared to irradiated cells (up to 20 Gy) indicated that senescence was actually decreased after irradiation (Fig. 5D) . MnSOD or CuZnSOD overexpression similarly decreased SA-b-Gal expression in both unirradiated and irradiated cells (Fig. 5D ). Because both protective and damaging roles for nitric oxide are sometimes suggested for situations where there may be oxidative stress, we also looked at the effect of iNOS overexpression. iNOS did not protect BPAEC against ionizing radiation, but it did significantly reduce SA-bGal activity either alone or in conjunction with radiation (Fig. 5E) .
Western blot analysis indicated that irradiation led to up-regulation of p53 (Fig. 6, upper two panels) , a key protein involved in a number of antiproliferative cell activities and p21 (Fig. 6 , middle two panels), consistent with inhibition of the cell cycle leading to reproductive death. The deactivation of p16, a protein involved in senescence, was also confirmed (Fig. 6 , lower two panels). These changes all became apparent within 3 h after irradiation (10 Gy) and persisted for at least 24 h. The blots shown were obtained with cells cultured under 20% oxygen. At 3% oxygen (data not shown), we detected little p16 both before and after irradiation, indicating fewer senescent cells in the cultures; however, p53 and p21 were up-regulated in a manner analogous to the examples shown in Fig. 6 . While these data suggest that there had been a perturbation of the cell cycle, more data are required to determine whether and at what point the putative cell cycle arrest occurs. Consequently, irrespective of the prevailing oxygen level (in the range 3-20%), the overwhelmingly dominant radiobiological response of BPAEC is apparently to undergo diminished growth. It is important to note that these experiments were performed using subconfluent (80%) cultures. The same changes in p53, p21 and p16 levels can also occur in overly confluent (but unirradiated) endothelial cells, presumably in association with contact inhibition.
Free Radical Production and Mitochondrial Response in Irradiated BPAEC
Irradiation of aqueous solutions generates predominantly solvated electrons, hydroxyl radicals, hydrogen atoms and, in the presence of oxygen, superoxide ions (25, 26) . Subsequently, irradiated cells/tissue produce further reactive species, all of which can act to oxidize or reduce biological compounds. Dihydrorhodamine 123 accumulates predominantly in the mitochondria and has been used previously to detect ROS/RNS production in mitochondria (27) . BPAEC that were irradiated with up to 10 Gy in 20% oxygen and then exposed to dihydrorhodamine 123 showed no significant increase in fluorescence (Fig. 7A) , indicating very little reactive mitochondrial oxidant production compared to unirradiated control cells for at least 4 h. This is in contrast to some other cells, such as hematopoietic progenitor cells, that produce a small oxidant burst within 30 min (L. L. Pearce and J. Peterson, unpublished observations). Under the same conditions, no changes in either ATP or GSH levels were detected in BPAEC over several hours after the dose (data not shown).
Irradiation of BPAEC resulted in a small elevation in the rate of NO production as detected by increased DAF-2 fluorescence (Fig. 7B) . The increase in DAF-2 fluorescence of unirradiated cells was essentially linear with respect to time, indicating a constant rate of NO production during the course of the experiment. However, irradiated cells exhibited small but significantly increased levels of NO at 20 and 30 min. By taking the difference in DAF-2 fluorescence between for irradiated and control cells and MnSOD IS NOT RADIOPROTECTIVE IN BPAEC plotting this as a cubic spline calculated to pass through the data (Fig. 7B, inset) it is apparent that there was a transient elevation of NO production that peaked at about 25 min postirradiation. Other cell lines have shown similar ''bursts'' of NO (9, 10) , and some authors have suggested that increased NO production can be protective when cells are irradiated (28) . Thus we reasoned that increased NO production by the overexpression of iNOS might be protective in BPAEC, but upon examination of these transiently transfected with iNOS, we found no change in survival ( Fig. 3B and Table 1 ).
Leach et al. observed a transient calcium flux in Chinese hamster ovary cells immediately after irradiation coincident with NO production (9). After 10 Gy, a rise in cellular Ca 2z was detected within ,1 min postirradiation in BPAEC (Fig. 7C) . When cells are incubated with the Ca 2z -sensitive dye Rhod-2 for 24 h prior to irradiation, the indicator accumulates in mitochondria (29) . BPAEC prepared in this fashion also showed an increase in mitochondrial Ca 2z after 10 Gy, but unlike the predominantly cytoplasmic response, the elevated mitochondrial flux persisted for only ,2 min (Fig. 7C) .
Mitochondrial membrane polarization (Dy) changes transiently in hematopoietic progenitor cells after irradiation. MnSOD (and not CuZnSOD) overexpres- sion in 32D cells was shown to be radioprotective and ameliorated a transient change in Dy observed at 15-30 min that returned to control levels by 2 h (18). In BPAEC, Dy was transiently decreased within minutes of irradiation, as measured using JC-1, and overexpression of MnSOD prevented the transient decrease in Dy (Fig. 7D) . It is possible that the membrane potential dropped more quickly in cells overexpressing MnSOD; such changes would be difficult to detect if they were completed less than ,5 min postirradiation. We did not observe any later changes in Dy up to 8 h after irradiation.
Similar mitochondrial responses (but including oxidant production and more persistent membrane depolarization) have been reported previously in other cell lines, including those undergoing a bystander response; however, in those cases apoptosis was the end point (30) (31) . It follows that the transient nature of the mitochondrial response we observed in BPAEC may be linked to the avoidance of apoptosis, but it is unclear whether this is coincidental or whether there is a direct cause-and-effect relationship.
DISCUSSION
BPAEC exhibit limited growth under hyperoxic conditions (.80% oxygen), but they appear to thrive under near systemic (,3%) oxygen levels (Bruce R. Pitt, personal communication). This is broadly in keeping with the realization that many cell types (hematopoietic, fibroblast, etc.) grow and proliferate better at lower oxygen tensions, e.g. cultured fibroblasts in 7% oxygen (32) . Pitt et al. (24) showed that up-regulation of metallothionein, predominantly in the cytosol of sheep pulmonary artery endothelial cells (SPAEC), also attenuated oxidative stress, probably through reduction of oxidants by the many cysteine thiols present in this protein. We have clearly demonstrated that BPAEC grown under 20% oxygen exhibit a number of markers of oxidative stress that are attenuated after overexpression of SOD activity (Fig. 1) . Both CuZnSOD (cytosolic) and MnSOD (mitochondrial) significantly ameliorate radiation-independent oxidative stress in this cell line. Recent work demonstrated that Nox4 (33) (34) and Nox2 (34) (NADPH oxidases) have a physiological role in hyperoxia-induced production of reactive oxidants and are probably localized to a number of membrane structures within the cell. It follows that NADPH oxidases may be key producers of superoxide in BPAEC in addition to mitochondrial sources, but further work is required to identify the center(s) in question.
The dependence of colony formation in BPAEC on oxidative stress is striking; elevated (20%) oxygen largely prevents proper colony formation, while either overexpression of SODs or reducing the oxygen to systemic (3%) levels results in the growth of easily identifiable, well-formed colonies. It has been reported that VEGF (vascular endothelial growth factor) promotes colony formation (35, 36) and stimulates up-regulation of MnSOD (37) , in agreement with our results showing that alleviation of oxidative stress promotes cell growth and colony formation.
While the behavior of BPAEC in relation to superoxide-mediated oxygen toxicity is of great interest, our primary goal was to ascertain the mechanism(s) by which ionizing radiation injures these cells. A number of relevant studies on other endothelial cells have been carried out with a wide variety of results (38, 39) . Endothelial cells from the GI tract, capillary endothelium of lung, liver and the central nervous system all appear to undergo substantial apoptosis, while some other endothelial types do not. For example, Li et al. found no apoptosis in bone marrow endothelial cells isolated from irradiated mice, although DNA damage and repair were initiated within 3 h after lethal irradiation (38) . In the present work, we have shown that BPAEC essentially do not undergo apoptosis but instead appear to undergo reproductive death exclusively after irradiation, although the mechanistic details have not been established. However, within 3 h postirradiation, we observed that p53 and p21 were up-regulated and p16 was down-regulated (Fig. 6) . Normally p53 up-regulation is associated with apoptosis but not in the case of BPAEC (Fig. 5A ). In keeping with these findings, the upregulation of p21, which may or may not be a consequence of p53 up-regulation, has been reported to be important in suppressing apoptosis (40) .
Leach et al. proposed (10) that ionizing radiation initiates an oxidative event that results in calcium release. Elevated mitochondrial calcium may then cause a depolarization of the mitochondria membrane, and this could lead to elevated mitochondrial ROS/RNS generation. In addition, these authors suggested that rather small initial signals from difficult-to-detect ROS/RNS may then be propagated from mitochondria to mitochondria. While we did not detect any significant mitochondrial ROS/RNS after irradiation, we did observe a small increase in NO. Mitochondrial nitric oxide synthase (mtNOS) appears to be a form of neuronal nitric oxide synthase (nNOS), and both are activated by calcium (21) . Thus the calcium flux may lead to the observed increase in NO production. It is possible that some ROS/RNS may result (e.g. peroxynitrite from the combination of nitric oxide and superoxide) from the mitochondria that is below our detection limit. However, it is also likely that there may be non-mitochondrial sources of ROS/RNS, for example, NADPH oxidase and/or eNOS.
Because we had confirmed the suspected sensitivity of BPAEC to superoxide-mediated oxygen toxicity, the apparent lack of any radiosensitizing effect attributable to superoxide (and hence oxygen) at systemic (,3% O 2 ) levels was unexpected. There is generally only a marginal change in the cellular response to radiation between 3% and 100% oxygen (26) . Conversely, there is usually an exponential decrease in survival observed when the oxygen level at which cell cultures are irradiated is increased from 0.5% to 3% (26) . In the present study, overexpression of MnSOD in cells irradiated at 3% oxygen had no impact on the survival curve, and we observed a significant decrease in colony survival when the irradiations were performed at 20% compared to 3% oxygen (Fig. 3B) . That is, the oxygen dependence we observed does not occur in the correct concentration range for it to be a classic radiosensitizing effect involving oxygen-derived reactive species generated at the time of irradiation. The current findings strongly suggest that the superoxide-mediated oxygen dependence apparent in BPAEC grown in 20% oxygen (Fig. 3B) is an exacerbating effect associated with postirradiation cell signaling that may not be specific to radiation. Although previous studies with hematopoietic progenitor cells and other lines showing that overexpression of MnSOD or SOD mimetics increased postirradiation survival were carried out at 20% oxygen (11, 18, (41) (42) (43) , radioprotection was also demonstrated at systemic oxygen levels in vivo (42, 44) . However, unlike BPAEC, the cell lines used in the other investigations exhibit substantial radiation-induced apoptosis.
It has been well documented that many cells are more sensitive to radiation at various points in their cell cycles. Balasubramaniam et al. showed that asynchronous PAEC (ovine) had a higher number (almost double) of cells in S phase at 3% oxygen than at 20% oxygen after 48 h growth (45) . Because S-phase cells are generally much less sensitive to radiation, this could at least partially explain our survival curve results. For example, Quiet et al. compared two human squamous cell lines and found twice the number of S-phase cells in one line with a difference of ,1 Gy in their survival curve D 0 parameters (46) . Although we saw a smaller difference in the D 0 s (i.e. ,0.3 Gy) in our survival curves, the cell cycle parameters of BPAEC will be examined with respect to oxygen and cell cycle radiation sensitivity in future studies. In addition, while we did not see any changes in cell survival with increasing NO production (Fig. 3B) , others found that decreasing NO levels can perturb cell cycle progression (47) . We also note that while MnSOD has not been observed to alter cell cycle distribution in other cell lines, this may not be the case for BPAEC (48) .
It is tempting to speculate that cells undergoing postirradiation apoptosis may benefit much more from protection against oxidative stress than cells like BPAEC that exhibit a different radiological response. Applying this consideration to whole tissues, where oxidative stress due to secondary inflammation can be an additional problem, it follows that antioxidant therapy (including MnSOD gene therapy) can be expected to affect some radiobiological outcomes, such as amelioration of pulmonary pneumonitis (42, 49) , but have no impact on others. The difficulty of assessing the potential role of oxidative stress in late effects like organ failure (50-52) may be implicit here.
